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INFLUENCE OF CHEMICAL COMPOSITION.ONRUPTURE TEST

PROPERTIES AT 1500° F OF FORGED CHROMIUM-

COBALT-NICKEL-IRON BASE ALLOYS

By J. W. Freeman, J. F. Ewing, and A. E. White

SUMMARY

The influence of systematic variations of chemical composition on
rupture properties at 1500° F was determined for 62 modifications of a
basic alloy containing 0.15 percent carlon, 1.7 percent manganese,
0.5 percent silicon, 20 percent chromium, 20 percent nickel, 20 percent
cobalt, 3 percent molybdenum, $ percent tungsten, 1 percent col~bium,
0.1.2percent nitrogen, and the balance iron. These modifications
included’individual variations of each of 10 elements present and
simultaneous variations of molybdenum, tungsten, and columbium. All
specimens were forged to bar stock, solution-treated at 2200° F for
1 hour, and aged at 1400° F for 24 hours using procedures to minimize
effects of prior history. The rupture strengths for 100 hours and at
least extrapolated values to 1000 hours were obtained. The results of
a similar study at 1200° F were previously reported in NACA Report 1058.

All of the elements can be varied individually between quite wide
limits without significantly changing the rupture ~roperties. This
feature of the results couldbe partiallyresponsible for the difficulty
of correlating chemical compositionwith properties at high temperatures
from data in the literature. There was no evidence to indicate that
composition variation within usual commercial limits contributes materially
to scatter bands in properties. .

Carbon could be increased-to about 0.40 percent with little change
in strength although elongation in the rupture test wouldbe greatly
reduced. Increased silicon would be detrimental to strength.’ The amount
of carbon and manganese must be above minimum values to avoid low
strength and low elongation, respectively. Alloys with 10 percent of
nickel or cobalt have properties similar to those of the basic alloy.
Reduction of chromium, molybden~, tungsten, or columbium below the
values in the basic alloy would be detrimental to strength. Further .
increases are of no benefit and in the case of colunbiun are detrimental.’
Alloys containing about 8 percent of molybdenum plus tungsten without
the presence of columbium wouldbe as strong as the basic alloy. Alloys
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witlmut columbium, however; would have low elongations after fracture “#i-

n 100 hours while all columbium-bearingall’oyswould have higher -..—..:—<
elongations except in the presence of increased.carbon.

—_d----:..__ ~

From a fundsmehtal viewpoi~.t,little could be deduced regarding ““
the mechanism by which composition af~ects rupture test properties.
Creep resistance had a greater effect on rupture strength than elongation
to fracture, although the,rewas adefinite”increase in rupture strength”
from increased elongation-at constant creep strength. The data suggest...
thdt a complex interrelation exists between the effects of carbon,
molybdenum, tungsten, and colululiumand creep resistance. The high
elongation:of the alloys containing columbium appeared to be due to
its grain-refiningyow.erand suppression of precipitation in grain
boundaries. I ,.. ..;. —..T.

,-... ., .: -.=

The results were similar to those previously obtained at 1200° F, _..
.-

except that a suppression of strengthening from molybdenm” and tungsten
.=

by columbium at 1500° F was not so evident at-the .lower.temperature. ..

The continued increase in rupture strength.observedat 1200° F by
.... . .-:-----.--..—

increasing chromium to 30 percent was not evident at 1~0° F.
..-.

, d“—

There are a number of limitations to the”results. Particularly
important was the lack of consideration of the effects of compositional i“
variations on fabricating characteristics and the other general properties .“””:
which areas essential as strength at high temperatures.

INTRODUCTION “-
.:

The exact influence of chemical composition on the properties .of “ ‘-i:jl..,-~~
heat-resistant alloys at high temperatures i$.uot clear .frompublished ._.._.~~j.~
data. Consistent correlations of properties,to composition cannot be . ., ~,;z~
made. For this reason some uncertainty exists”regarding restrictions ‘ ~~:~:~~
on composition limits in commercial practice and the fundamental mechanisms . ,.:--<
by which composition influences.properties. l?orthe~e reasons an investi- . —-----
gation was initiated for the purpose of providing systematic data for .. _.I;..:–T-
compositional variations in forged alloys stemming from a nominal . . d

composition of 20’percent chromium, 20 percefitnickelj 20 percent cobaltj ‘.-_.
3 percent molybdenum, 2 percent”tungsten, and-l percent’columbium” “~” ‘“-
Stress-ruyture tests at 1200° and1500° F were used to “evaluatestrength

..,..-2
.,

at high ,temperatures. A previous report (reference 1)’pn”sented the
.-

results from the tests at 12000 F and the present report extends the
,=

data to 1500° F.
9:
..:

The procedures used were selected to proiide results as independent --- .~,~
as possible of other effects known”to influence properties of such alloys
at high temperatures and to clarify, or at least to provide the background ‘1 ;:_
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& necessary for clarifying, the fundmefital mechanisms by which composition
controls properties. The investigation was intended to’establish general _-...
principles which couldbe extended to all alloys rather than to describe

4 specifically the particular alloys used for experimental purposes.

The properties of alloys, of the”type under consideration, at high
temperatures are not a function of composition alone. Whenever such .. _.~
alloys are used or tested at high temperatures, the results are also a
function of the.conditions of preparation since melting practice, methods
of working the metal to finished form, and final heat treatments appear
to be interrelated to compositional effects. Thus, even when compositional
effects and final heat treatments are carefully controlled, the results
are almost invariably still subject to the prior-history effects. The
situation is further complicated by the relative properties depending
on the temperature, stress, total deformation, and time period involfed
in evaluation of properties.

The alloys tested were prepared using procedures intended to minimize

b prior-history effects. Care was used to keep melting and hot-working -“.:
conditions constant. The final”heat treatment was a solution treatment

& at 22000 F for 1 hour followed by aging at 1~0° F for 24 hours. This
treatment was known to minimize prior-history effects for the base alloy. “-
Other treatments were not used because the testing program required
for a systematic investigation involving yrior-history effects wouldbe
prohibitively large.’

In undertaking the investigation it was recognized that there was
little chance of developing new compositions having properties outstand- ““
ingly better than those available in commercial alloys. The thorough
covering of compositional effects on an empirical basis by both indust~ ‘ ““
and governmental agencies in this country and abroad leaves little
chance of such developments. The investigation was intended rather to
determine the contribution of composition v&riation tb the substantial

.--.

scatter bands in properties of such alloys; to indicate the properties
obtainable from lleaner~lalloys which may be desirable from strategic-
ally or cost considerations; and to determine the efficiency of the
various alloying conditions as a possible guide for specifications. ...4

The work.was conducted by the Engineering Research Institute of
the University of Michig@ under the sponsorship and with the financial
assistance of the National Advisory Committee for Aeronautics as part ‘
of an investigation of the fundamental metallurgy of heat-resisting
alloys used in propulsion systems for aircraft.

&

J
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PROCEDURE

;. .—

The basic alloy composition studied was as follows:

Carbon, C, percent . i. . . . . . . . . . . . :. . . . . . . .
Nitrogen, N, percent . . . . . . . . . . . ----. . . . . . . . .
Manganese, Mn, percent . . . . . . . . . . . . . . . . . . . . .
Silicon, Si,percent . . . . ..-.O . . . ... .. 00 . . . . .
Chromium, Cr, percentT . . . . . . . . . . . .. . i . . . . . . .
Nickel, Ni,percent . . . .. . . . . . . . ... . . . . . . . . .
Cobalt, Co.,percent . . . . . . . . . . . i .’. . . . . . . . .
Molybdenum, Mo, percent -----. . .. . . . . .. . . . . . . . . . .
Tungsten, W, percent .’..”. . . . . . . . ...2 . . . .. ... .. . ...
Columbium, Cb, percent.. . . . . . . . . . . . . .. . . . . . .

‘ “-.

.—
— --

4

.I=z

0.15,..-..:=
0.12

.-

1.7
.-

..().5 ..”~
20. —
20

—

Iron, Fe, percent . . . . . . . . . . . . . . . . . . . . .. Balance . ..~..—~

The influence of composition was evaluated on 62 modifications of , .’””.:,.,..~
this alloy.

C, percent
N, $ercent–
Mn, percent
Si, percent
Cr, percent
Ni, percent
Co, percent
Mo, percent
W, percent
Cb, percent-

In addition,

The variations of each element individually were:

. .
.—.. . . ● ✎ ✎ -“. . ... ● . . . . . . . . 0.08, 0.40, 0.60.

. . ● .- . . . . . ● . . . . “.- . .“ . . . . 0.004, 0.08, 0.18

. . . . . .00..0 “. . ● ● . . . . . 0, 0.30, 0.50, 1.0, 2.5

. . . . . . . . . . . . . . . . ....* ● ..,0 1.2, 1..6
● . . . . . . . . . . . . . . . .“”. . . . . . ● . 10, 30
. ...0 .0..0 . . . . . . .. . . . ● *.. o, 10,30
. . . . . ● . . . . . . . . . . ..*. . . . . 0, 10, .32. :
. . . . ● . ● ● . . . . . . . . “.” . . . . . . 0, 1, 2, 5, 7
. ● . ,-. . s ● ● ● . . ● 9 .* ● .“.● ● ● ● ● ● o, 1, 5, 7 “.
. . . ... ,.,0. ● . . . . . . . . . .0. 0, 2, 4, 6

MO) W, and Cb were varied simultaneously in steps of 2 percent
from O to 4 percent. The amount of Fe comperiEatedfor variation in
total alloy content in all of the alloy modifications.

Each alloy was analyzed chemically for the element varied. In
addition, complete analyses were made for each heat until satisfactory
evidence of reproducible composition was obtained. Thereafter the
composition was checked only occasionally.

Considerable care was used to keep the alloy preparation uniform
for each alloy as is described in detail in reference 1. In brief the
~Hoys were malted in an induction furnace as $hpound.heats using A~co”
iron and.commercial ferroalloys as melting stock and calcium silicide as
a final deoxidizer. The ingots were hammer forged between 2200° and
18000 F to 0.45-inch rounds using swaging dies for reductions from l-inch

‘ rounds on down. Prior to machining the stock into rupture “specimens,
all bars were solution-treated for 1 hour at 2200° F, water-quenched,
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and then aged for 24 hours at lkOOo F in order to minimize the effects
of prior history.

..L.

Rupture tests at 1500° F were made on specimens 0.250 inch in
diameter with a l-inch gage length machined from the heat-treated bar
stock. The tests were conducted in individual stationary imits with
the load applied by a simple beam acting through a system of knife edges.
Usually three or four tests at various stresses were made on each alloy
and were of sufficient duration to establish the 100-hour rupture strengths
and to estimate the 1000-hour rupture strengths. Time-elongation data
were taken during the rupture tests by the drop-of-the-beam method and
in the case of many of the longer time tests by means of modified
Martens t~e extensometers with a sensitivity of 0.00005 inch per inch.

Metallographic examinations were made on all of the longest-time
rupture specimens after testing at 1500° F. All metallographic specimens ..:
were electrolytically etched in 10 percent chromic acid.

Even though care was exercised to maintain all phases of alloy
preparation and testing constant, it was recognized that some variation
from heat to heat was inevitable. Rupture tests were made on four
separate heats of the basic alloy to indicate the reproducibility. The
range of values thus obtained was used to inticate significant variations
in properties due ta changes in chemical composition.

RESULTS

The actual compositions of the alloys obtained by chemical analysis
are shown in table I. Ingeneral,’the actual analyses agreed as closely
as could be expected with the intended compositions. In those cases
where actual analyses were not made, table I.was left blank, although
the blanks signify that the composition was intended to be”that of the
basic alloy. Check analyses from time to time indicated this assumption
to be valid.

The reproducibility in rupture properties of the four heats of the
basic alloy is summarized by the data for stress against rupture time
in figure 1. These results indicate that the stress for rupture in
100 hours would have to vary more than 2500 psi in order to be si~ificant
of a real effect from composition. The corresponding value for rupture
in 1000 hours was about 1500 psi. Figure 2 shows the range in minimum
creep rates obtained during rupture testing of the four basic heats.
This figure thus indicates the range which must be exceeded before the
effect of composition on creep resistance under rupture test conditions
can be considered significant.
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The results of the-rupture tests are given in-table II. In addition .“,-“;’:
to the usual data.from rupture tests this table includes..theminimum _ .“.1~.:!1
‘creeprates measured from the the-elongation curves of the rupture ... ,. :.:
tests. The stresses for rupture in 100 and1000 hours indicatedby

..

curves of.stress against rupture,tirneaxe shown.in.table H) although ‘; “--.~”:~~~~
the a’ctualcurves are not included in the report. The stresses for “ :“:.:- ~
rupture in 1000 hours were considered “asextra-palatedwhen the,longest~. . ... .. ;:
duration test was less than 500 hours. Double-logarithmic curves of .;

stress and minimum creep rate were plotted tQ”obtai.nthe stresses for... .> .-.,,+:;
creep rates of 0.01 and 0.1 percent per hour givsn”im table 110 These {.:..-~
two values together with the creep rate at,13,00Q P’si-W@reincluded to - ~-<--.-+<
determine if compositionwas affecting rupture strength by increasing .-

creep resistance under rupture,testing conditions.
-.

These creep ltstren@hsl’- ..,-:-;
together with the total elongation to fracture are considered to be a ‘ ,-“-’~--~”:~:;
measure of the two mechanisms by which composition changed ~Pture

●.- ;:- “ ::
strength.

-... “.+

The influence on rupture test propertied.of the systematic variations..___.:.--=
in composition-for the individual elements is shown by figures 3 to 12”:”-““-” ~-~.~
The results from simultaneous variations of Mo, W, and Cb are shown by “.=”“f-
igures 13 to 21. “Summaries of the results tireincorporated in figures 22 J.,,;+
to 24. The si~ificant features of these figures are outlined in the “. ‘“~..::=
foll~wing sections. In the analysis of the-results, only-those variations ~.-.~
outside the ranges for..thebasic alloy were considered significant) “-—-“. :‘-“~~
although in many cases the uniform trend in ,propertjeswith changs.sIn.

.— .—
.4

composition suggests that
the data.

Rupt~e strength was
Further increase resulted

more significance_th~ that is warranted for._, ..2..=
.-~.- _:

Carbon :. .,..,:..—

increased by C up”’toO.@ percent (See fig. 3). “’~ .:
in a significant &crease in.strength; “Low C.,. ...::=

was detrimental trand increased C beneficial to the 1000-hour rupture .— ..:.-.=+

strength. .-.

* Additions of C increased rupture strength by increasing creel - .. ...... ...
resistance. This was sufficient to offset a-pronounced decrease in ..... :;-u=~+
total elongation t~ fracture with increasing C content~

-—.

.- :-,
—

Nitrwgen ,- ~-
.,...- ..—;~--.—

Alloys varying in N content from 0.004 to 0.18 percent all had
_.=.=. .,

rupture strengths within the band for the basic alloy (see fig. 4).
:.-,Z.

The elongation at fracture of the two extremes) however, was significantly “--’
higher. It appears that for N contents less.than about 0.05 percent Y-.

low creep resistance was partially offset by increased elongation to
,-“=

fracture which kept the rupture strength up:; .—
.- — .-.—
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Manganese .

Figure 5 shows ‘thatMn variations from O to 2.5 percent had littie
significant effect on tipture properties. When the Mn was below
0.5 percent the elongation to fracture tended to be low and the creep
resistance high. .

Silicon

Increasing the’Si from 0.5 to 1.6 percent progressively and
. .

significantly lowered rupture strength”(see fig. 6). The lowering of
rupture strength was due primarily to decrea~ed creep resistance. .---—

Chromium

A 10-percent-Cr alloy had significantly lower rupture strength
than that of the basic alloy as the result of lowered creep resistance ‘
(see fig. 7). There did not appear to be a significant difference in
rupture strength between the basic alloy and the’30-percent-Cr modification.

Nickel .-L.

The data for Ni variations from O to 30 percent (see fig. 8)
indicated a maximum strength for about 10 ~ercent. The Ni-free alloy

-.

had definitely inferior strength while the 10-percent-Ni alloy was very
close to being significantly better than the basic alloy. Both creep
resistance and elongation to fracture varied in the same manner as
rupture strength.

There was no

Cobalt

difference between the 10- and”20-Percent-Co alloys
....:

(see fig. g). The Co-free and the 32-percerlt-Coallays, however, hid
definitely in$erior strengths.

Molybdenum
.,

&
Rupture strength and creep resistance increased slightly with Mo .“~

additions up to 3 percent (see fig. 10). Alloys with less than 3 percent

. of Mo appeared to have slightly, although significantly, lower strength.
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Tungsten ,.=
.-.. .—+- ..--.—.,‘ —- .<

Additions of W had effects similar to those of MO (see fig- @O - ‘- ~ :.wi:
.

‘Alloyswith less than the 2 pe.rcen~of..l..othehebasic alloy were
-..,. .=

definitely inferior. Further additions-ofW did not ~roduce a Signifi-- ‘-~”-~.
cant increase in strength.

— —
..—. —.—

Columbium -.

The Cb-free alloy had significantly lower strength and ductility - ‘:‘
than the lasic alloy (see fig. 12). Increasing Cb_above the 1 percent.- ‘“ ‘ ‘T”-
of the b“tisicalloy reduced rupture strength..~omewhatand c~eeP resistance

—— —--
—

quite markedly. The ‘reductionof creep resistancewas offset by higher
.— —
-. .=

elongation in the high-Cb heats, however, so—that,the rupture strengths ...=
tended tmstay near those of the basic alloy.

.

Simultaneous Variations in Molybdenum, Tungsten, and Columbium

The”influence on the 100-hoti rupture.strengthof varying Mo with, .4- ..:;
constant -combinationsof W and Cb is shown by figure 13- The.increase . ;; ..-”<
in strength”wasmarked and progressive for,the Cb-free combinations. _*.:
The W-free”ailoys were also improved, but to’s lesser extent. Combinations ~ -
of W and Cb “werebenefited-by the addition of 2 percent Mo and in some

—

cases by 4 percent.although the degree of .Qq?rovement”wasless than for. ~ “~-~~~
the previously mentioned combinations. It is significant that additions ::
of up to 4 percent Mo were,never detrimental. None of the alloys had “--”- -.
better strength than the basic 3Mo-2W-lCb al~y.

..- .L-

The ssme data are rearranged in figure 14 to show W asthe variable. .- ,...:.:
The general pattekn of the influence of W WQS similar to-that of Mo. .=
except-that the amount of increase for a given addit~9n waS.less. -

The influence of Cb, however, was markedly differenti-fromeither Mo
or W as is shown by figure 15. Additions of’_2percent Cb markedly
increased rupture+trength but “4percent was.detrimental..The alloys

.
—.-.-::-----r

with l-percent-Cbadditions suggest that 1 percentwould be sufficient .

‘to obtain the maximum benefit .andthat perhaps some of the other alloys ~
would have had higher strengths than those shown with less than
2 percent Cb.

.= ---
.=-.

It will be noted that, of all the C%-free modifications tested, &

only the
alloy.

The
shown by
.

4M0-4w alloy had strengths equal to those of the basic 3Mo~2W-_lCb.._ -.
..-
“3”–

accumulative effect of-alloy additions on rupture strength is —

figures 16, 17, and 18. Little further increase results from” “+ “--”~

.—
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& Mo or W additions when the total alloy content exceeds 6 to 8 percent.
Additions of Cb of 1 or 2 percent raise the strength to a pronounced
extent for alloys having less than 8 percent Mo or W. Further additions _

4 of Cb are detrimental regardless of the total alloy content.

The data previously discussed have been rearranged in.figure 19
to provide a simultaneous comparison of both rupture strength and
elongation at 100 hours. There are tmee sets of curves at each of
three alloy levels: each element varied alone, each element varied in
the presericeof 2 percent of the other two elements, and in the presence
of 4 ~ercent of the two elements. It shows:

(1) The strength of alloys withMo, W, or Cb added alone was inferior

(2) The Cb-free alloys had low elongation or conversely the
elongation increased pronouncedly when Cb was added

(3) Additions of MO in the presence of Cb and W resulted in a
further increase in elongation while W in the presence of Mo and Cb
slightly reduced elongat~on -

(4) All of the alloys containing 2 or 4
OMo-OW-2Cb and OMo-2W-2Cb modifications, had
than the basic alloy

.-

percent Cb, except the
more elongation at fracture

The influence of variations of Mo, W, and Cb on the stress for
rupture in 1000 hours (see fig. 20) was, in general, similar to that
for rupture in 100 hours. There was some change in relative strengths
for the hig%er alloy modifications and more alloys compared favorably
with the basic alloy.

The creep resistance of the alloys with simultaneous additions
of Mo, W, and Cb (see fig. 21) indicated that Mo and W additions
increased rupture strength by increasing creep resistance. Additions
of Cb on the other hand apparently did not increase creep resistance
except in those alloys in which Mo and W were absent. This latter
observation is not strictly correct because reference ta table II shows
that the addition of 2 percent of Cb increased the creep resistance of
alloys containing 2 or 4 p&cent of Mo or W alone.- As figure 21 shows,
however, 2 or 4 percent of Cb was detrimental to the 2M0-2W and 4M0-4W
alloys. This appears somewhat at variance with the results of changing
Cb in the basic alloy where a substantial increase in creep resistance

% resulted from addition of 1 percent of Cb to the 3M0-2W combination.
In this alloy, however, 2 percent of Cb was detrimental to creep resistance.
It is therefore suggested that a l-percent addition of Cb would show a

d substantial improvement in bo”thcreep resistance.andrupture strength
‘for the alloys involved in the simultaneous-variation series.
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Summarized Effects of Composition on Rupture Test Properties .,.=._
-,. ,, ...=

The effects ofindividual variations of.the elements in the basic
alloy on rupture strength and elongation are summarized in figure 22. ,_,,?-Z
The stresses for rupture in 100 and 1000 hou& -resultingfrom simui- “ ‘-”‘“::
taneous variation ofMo, W, and Cb are summarizedby figures 23 and 24J “’”“~-:” ‘~
respectively. Elongation was omitted in the latter summary inasmuch .+
as those alloys without Cb had Iow elongatioriand all containing Clhad- ““
high elongation.

... .....
..-.-— .-r._

The data for the individual variations were _presentedin groups _
according to the percent-agespresent in the_alloys.;iThe effects of.
simultaneous variations were summarized by combining Mo and W“as the -
independent variable because the two”elements had similar and additive
effects. Average curves were drawn through the data for .the,various ~
Cb content-sstudied. This procedure may no{ be correct ti.detail in -
that the effect of Mo andW may be different. The trends, however, are
shown by the curves and probably represent the reproducibility of the
properties ~rqm,he~t’to heat, .

.,.-’ .,

MICROSTRUCTURAL EFFECTS OF COMPOSITION VARIATION

.— ..”: ‘ >

-.——.—=--~_...;
. . . ...

..— —.—-. .—.
7-””~

.-:. ..:—
.- — ---

-. ___ -—=...-

.--: ---.=
.

./

.-..—.. ..—

~.

The original mtcrostructureswere examined in detail for reference 1 ..--...,.=
to help explain the effects of”composition on rupture properties at

—

1200° F.
.,~-

In this-investigation the examination was extended to~include “-” .“”:
the structures of.the specimens from the most-p,rolongedtesis,at 1500°,F. _.Ij..__.- —.

When tested at 1200° F there was little.change in structure in
.-

most alloys from that produced by the original solution and aging treat-” ‘“ ~
ment. After testing at–15000 F, however, the general tren,dwas for the ~‘-:

.-._Q—-.

precipitate particles in both thS grainboufifiariesand matrix to be .--.’?._~

larger. -The fractwes tended to be more in~ergranularthan at 1205° F, ~- ... .;---
.--~--—.-—

in those alloys which didtiot.havebrittle=t—~e fra”ctties. These general “~~- ‘:-
effects are shown by the structures of the basic alloy in figure 25: ‘, ~:__I.Ii

The following discussions briefly summarize.the structural effects .e
of the various compositional changes as related to the rupture properties._ r “,;:

-. —

Carbon —:
-..

Increasing C increasedthe amount of insoluble constituent present- ,“~
after solution-treatingand the amount of random precipitate which ‘“ _ ,: .<
formed on aging. The grain sizes of alloys up to O.kO percent C were “’ ‘“_“X<,
about A.S.T.M number 5 while.the 0.60-percent-C alloy ”had“agrain “siz& .~~,,~~-----

—
-.—
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of 8. “In addition, there were rather numerous lafige,particlesof a n%w
constituent.which formed on aging “the0.60-p~rcent-C alloy. The structures
of the lower-C heats were not substantially altered by testing at 15000-F “..

(see fig. 26). After testing.only one type of large particles was
present in the 0.60-percent-C material which was distinguished by its
ease of etching in

. .

There were no

comparison with that of the original-constituents. .

Nitrogen, Manganesel and Silicon

apparent microstructural effects from the variations
in N, Mn, or Si either before or after testing at 1~00° F.

Chromim

The main difference between the basic alloy (20 percent Cr) and
the 10-percent-Cr”alloy was the much smaller smount of precipitates in
the 10-percent-Cr material. There were, however, substantial differences
between the 20- and 30-percent-Cr alloys (see figs. 25 and 27) after’%
rupture testing at 15000 F. As heat-treated, the 30-percent-Cr alloy
exhibited!a large amountof fine matrix precipitate arranged on crystal:

b lographic plsmes. After testing at 1500° F a large smount”of new phase ..
had formed which exhibited all the metallographic characteristics of
one of the forms.of sigma phase.

Nickel

Alloys containing 10 and 30 percent Ni were similar to me basic ._ . -:
alloy after heat treatment and after testing (see fig. 28). The Ni-free
alloy, however, contained a considerable aniountof delta ferrite as.
solution-treatedwhich transformed to sigma phase on aging. During
testing at 1500° F the grains of sigma phase broke up into angular six. ,. .::.
particles quite randomly distributed. A few small angular particles
of an easily etched constituent believed to be sigma phase formed in
the 10-percent-Ni alloy.

Cobalt

As heat-treated, the Co-free alloy had a good deal more-general
precipitation than the basic alloy. There was little difference between ““
the basic alloy wd the 10- or 32-percent alloys, except that se~.egated .—
growth of extremely large grains .hadoccurred in the .32-percent-Coalloy.

During.testing at 1200° F a considerable amount of additional
.—

precipitation occurred in the Co-free alloy. The other alloys were
not changed.

——— —
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● At 1500° F, however, either the precipitation did not occur in the “*

Co-free alloy or the particles -agglomerated”into a few large p~ticles-. .: ~=
(see fig. 29). I~ddition, there were a few small..angularparticles ._. ...... ~-
of an easily etched constituent believed to be a form of sigma phase.
A few of these were also present in the 10-percent-,Coalloy.

..—.-

-... ,

Molybdenum ‘“
—...=

Varying Mo from O tq:’7percent in the hqat-trsated conditions did-, -=-., ~“._
not change.the.structure appreciably from that of the ~asic alloY~ After -- -~
testing at 1500° F.-.-theamount of precipitatexresentincreased with Mo —

. :=.
content as is shown by figure 30.

—.
--’

Tungsten

l’heeffect of.W on-the mi.crostructureswas similar to that of Mo. .-

After testing at-15000 F all of the W series were similar to the basic -..-

alloy except the 7-percent alloy (see fig. 31). In the latter alloy
—

the precipitates w~re ‘not’soagglomerated an? more grain boundary
*.

precipitate was.present. ‘: --
*

Columbium

The omission of Cb from the basic alloy resulted in the grain size
.—

increasing from 5 to 1 by the A.S.T.M. rating. In addition, the insoluble
constituents were practically eliminated and the aging precipitates -.-—

accumulated on preferred planes within the grains.
.“:= “.”-.G

Increasing the.cb
._ _ .+—

to 6 percent resulted.in an increase of insoluble constituent and a
—

further reduction in grain size to number 8 for the 4- and 6-percent-._ .._.-x-:-~
.— ,-

Cb alloys. &

After testing-a&1500° F the precipitates in the Cb-free alloy
...-—

remained preferred, in contrast with the high-Cr alloy previously
discussed.- The precipitated particles were considerably larger than “ “-- ““~
before tetiting(see fig. 32). ‘The 6-percent-_Ctialloy, however, under- ..-

went little change in microstructure except for the development of a
considerable n~ber of small easily etched ‘tsigmatfparticles.

.-.
,- —

Simultaneous Variation of Molybdenum, Tungsten, and Coh.unlium 4

The Cb-free alloys had comparatively large grain sizes and a slight
..—

mount-of general but.oriented precip.ltation,.inthe..heat-treatedcondition.
..v-’

Alloys carrying up to atotal OY kpercent-mfMo plus W had easily etched -.. “:
grain boundaries because “ofthe formation of a considerable smiount-of---,<:T-v-...__——....——
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* a fine, easily etched constituent during aging. Alloys having more
than 4 percent of Mo plus W did not etch so readily at the grain

●
boundaries.

Additions of Cb resulted in the formation of increasing amounts of
a globular constituent which could not be dissolved during solution
treatment. The grain size was refined and the preferred orientation of
aging precipitates was.eliminated, the structures being s~ilar to that
of the basic alloy.

Increasing amounts of Mo orW in the presence of Cb increased the
mount of general aging precipitate.

After testing at 1500° F, as is shown by figures 33 and 34, a large
amount of general precipitation occurred in the Cb-free alloys. The
precipitate present in the grain boundaries of the alloys with less
than 4 percent of Mo plus W etched very easily and were similar to the
easily etched phase in the 0.60-percent-C alloy after testing. In those
with more Mo plus W the grain boundary constituents etched similarly
to those in the matrix.

Those alloys containing Cb underwent some additional precipitation
and agglomeration of the precipitated particles during testing at 1500° F.
The kMo-kW-k-Cballoy developed small particles of the easily etched sigma
phase. The Cb tended greatly to reduce the presence of grain boundary
precipitates.

Summary of Microstructural Studies

It is difficult to arrive at conclusive reasons from microstructural
studies for the observed effects of alloy additions on the rupture
properties. Apparently the improved ductility of the Cb-bearing alloys
was due to the grain refinement and elimination of grain boundary
precipitation by this addition. The presence of delta ferrite in the
N-free alloy was accompaniedby reduced strength as is the usual
behavior when this occurs. Otherwise the evidence seems contradictory;
for example:

(1) The increase in C, Cr, Mo, or W was accompanied by increased
precipitation. In each case there was an increase in rupture strength
due to increased creep resistance, at least up to a limit. A further
increase in rupture and creep strength, however, resulted with the
addition of C% to Cb-free alloys even though the amount of precipitation
was reduced.

(2) The almost complete alteration of the microstructure of the
30-percent-Cr modification during rupture testing at 1500° F, due to
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the extensive
significantly
modification.

.
formation of sigma phase throughout the matrix> did not .- ..;.--.<-“~:i
change the rupture or creep pr.qert”iesof this alloY .-

=
,.

*-

(3) The formation during testing at 1500° F of relatively small
amounts of a precipitate resembling sigma pl?qsedld not–-appeart~alter.
the rupture and creep properties of the al~oy..mo!if~cationsin which ,
this type of.precipitate foymed.

.

The ”rnicrostructuralstudies of these alloy modifications indicate
that more”information is needed relating microstrucjwres to high-
temperature properties before a gcmd corre~.~ion C.W be made between ‘-
‘microstructureand rupture ~d creep properties. ---- -

..--=
-

.. , . . . - ..... J--- ---

DISCUSSION

The data need to.be considered from the””viemoints of their
....,- .7.

limitations, ranges in “compositionbefore significant changes in’ “ “-”:“: ..<:
propertiesresult, the mechanisms by which composition probably affects ---~ ~
properties, and their relation to the result@ at 1290° F b$..referenqe1.. -..-__Q

<’

Limitations of Results .-

The main limitation.of the data is the restriction to one solution-
treated and aged condition. The probability that heat treatment should

.

be adjusted to each individual analysis for either optjm~ properties
,..-—

or freedom f’m”mprior-history effects was not considered.””Present- ‘“”-’“’~”~=~--

experience with the variables.affecting.ruptu.reProPerties~ however}
suggests that the heat-treatment .limikation..~snot too ,severe. There .. ~....- .?
may have been some-variation in solution effect with composition as ““ ‘;-”.:-;=
well as in.the amount of precipitation-during the aging treatment, but
it is doubtful if ihese effects would be large. It is very probable T .! ;.~<
that changing prior treatments ugifomnlywould tend to show the effects
to be uniformly superimposed on the properties measured i.nthis .,.. -,.._,_z~-~
investigation. ..l=

Further limitations of.the data involte the ranges of compositions. . .::A
studied and the criteria of strength used to.,evaluatethe high-temperature ~“
strength.

>..... .
Compositional effects shown are actually limited in that they

do not involve simultaneous variations of all OY the elements. The .*,

tests were limited to rather short-time ruptwe.tests Qtbou@._Che . 1
indicated relative effects of composition are quite likely to change if
the stress level, total defamation, and time periods used as the criteria. .- -W-+
of strength were changed. .,. .. -.
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Significance of Data

T& results suggest that most of the elements could be allowed
b vary over quite wide rmges without affecting the rupture strength
significantly.‘“This could be partially responsible for the difficulty
of correlating chemical composition with properties at high temperatures
fr~m data in the literature. It is important, however, to reco~ize that
the data do not indicate that all of the elements could simultaneously
vary widely. This would require work to determine the influence of
all of the elements being on the low and high sides simultaneously.
The indication of possible variation over wide ,@nits without sacrifice
in properties is important, however, from”strategic-alloy and cost
consideratioris.Any such changes, however, would have to take into
consideration the effects-of the compositional changes on fabricating
characteristics and other properties which are the over-all requirements
for the successful use of an alloy. The results of this investigation,
however, do suggest that the,following.changes might be useful in meeting
specific problems: ..

(1) The C content could be allowed to vary over a considerable
..

range although higher C would undoubtedly increase fabrication problems
and would be accompanied by lowered elongation’in the rupture test.

(2) A Ni content of les> than 20 percent seems quite possible and
might improve strengthsomewhat.

(3) The CO could be reduced with little apparent loss in strength
although this trend should probabl’ybe checked for’the influence of Co
variation on response to strain-hardeningbefore acceptance. There is .
considerable evidence which sugges-tsthat Co is beneficial to the
improvement and retention of strength by strain-hardening. This is
important to the properties obtained with many comniercialtreatments.

..”

(4) Even better properties might result by decreasing
to less than 1 percent.

The comments in regard to the individual variation of
elements invblve a difficult viewpoint as evidenced by the

the Cb content

the other
following:

(1) The elements N and Mn have little effect on rupture strength.
Their control to close limits other than to avoid very small amounts
apparently depends on other properties than strength at high temperatures.

(2) The Cr content needs to be close to a minimum of 20 percent. ‘

(3) The 3M0-2W-lCb combination of the basic alloy seems to be near
the optimum combination. A decrease in either Mo or W would significantly
weaken the alloy, but, on the other hand, no great advantage resulted ‘
from further increasing Mo or W while increasing Cb was actually
detrimental.
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Simultaneous~ariations ‘ofMO) W, and Cb showed that equal rupture + ~
stren@hs to that of the basic alloy could be obtained without the use ‘--- ~.::
of Cb by-increasing the Mo ~lus W content to:._about8percent. The .. ....

Cb-free alloys, however, had comparatively low elongations to fract~e .“:..,.=
-.

and comparatively poor forgeability (see refgrence 1). The simultaneous - ..~..:::~
variations bore out the indication that--littlewould be gained by

.-r.- -

increasing MO) W, or Cb above the 3:2:1 ratio of%he basic alloy. s
,..—=.—

The rather insensitive response of rupture.6trength to compositional -.=
changes indicates it is unlikely that normal”variation of composit-ion.:..:= .;= ..:
within usual commercial limits contributes significantly to scatter of .::..–S
data. The spread in properties for.the basi<.heats.in comparison with._. ..: “-:
the compos.itional:effectssupports this view? The scatter bands obseryed ._., -~
in commercial production would therefore seern<due-toprior-history
‘effectsrather than compositional-variation..-

—.- -—
-—.—— —

In analyzing the C@ta it has been.asstied that values had to b.e
outside of the bands for the basic alloy to be significant although
there is no way of.knowing whether the individual values were.at.the ._
middle or’”theextremes of the band for that ’”composition.The generally
consistent–variation in properties with composition suggests that more
reliance can”be pl~ced cm the @ta than the band for the .baSicalloy ‘-
suggests. Nevertheless, the reproducibility of properties for alloy
modifications should be checked before too much reliance is placed on
the data for any particular.composition. ~

———.—
.,+

.—<.- .-

— ..—

—..,-
...

Fundamental Effects of Composition

From the data of this investigation very little can be deduced -- “-ti--~
regarding fundamental mechanisms by which composition changes properties. --

For instance:
,

(1) Rupture strength is increased byMo andW in proportion tothe - ~
mount added in the absence’of”.cbparticularly when considered on an

-...Y

atomic percent basis as in figure 35. This =&uggeststhat Mo.~dW
increase strength by solid-solution strengtmning (they had little-effe-ct ““--~ ~~
on elongation). In the presence of Cb, howeWer, their effect was - ..1-–==
greatly reduced”and saturation was soon attained beyond which no further
improvement was obtained. If solution ofMo or W was responsible for : “..-.:.:l~
their increasing strength it seems difficult-to understand their reduced —..-..,.
effect in the presence of Cb. _.

—
-.

.

(2) The data indicate that no further increase in strength was <. ~
obtained by increasing Cb beyond 1 percept. ln view of the certain v“
restricted 6olubility of Cb the improvement.obtainedfrom”Cb seems ,“-” “-””-”~ :
rather large. This suggests some_factor otQer than.solid volubility
is responsible for the effect of.Cb. The effect ofCb couldbe accdunted .—
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* for on the basis of a combination of increased creep resistance from
a limited volubility and the increase in elongation. Thisj however,

* does not explain the restriction of the strengthening effect fromMo
and W in the presence of Cb.

(3) A complex interrelation between C (andN), MO) W, andCb is
suggested by the data. This has some support from the increased creep .
resistance accompanying increased C in the basic alloy. The stabilization
of C (and N) by Cb perhaps restricts the strengthening from solid solution
of Mo andW in the same manner as restriction of C in the basic alloy
reduced strength. There seems to be little to support a saturation
effect being rapidly attained in the presence of Cb because of its
stabilization of C which, in turn, @roved the efficiency of Mo and W
additions. A further possibility exists that MO) W, and Cb influence
some other strengthening reaction such as might be.due to an effect
of Cr.

(4) Additions of Mo and W mainly increased rupture strength by
increasing creep resistance. Additions of 1 or 2 percent of Cb increased
both creep resistance and “elongationto fracture and therefore increased
rupture strength by both mechanisms. The 100-hour rupture strengths are
plotted against a measure of the creep resistance h figure 36 with
elongation to fracture as a parameter. The increase in rupture strength .
was directly proportional.to the increase in “creepresistance. The
correlation of rupture strength with elongation is not so good although
there is an unmistakable trend for increased rupture strength with
increased elongation. Creep strength had a much greater effect than
elongation.

(5) The mechanism by which Cb so pronouncedly increased elongation
to fracture was also uncertain. The refinement’in grain size may have
been a contributing factor, although it is doubtful .thatit i-sthe real
reason. It appears as if Cb acts hy prevention of the development of
brittle grain boundaries. A possible mechanism would involve its
stabilization effect on C and N combined with a change in precipitation
habits in the alloys due either to its presence in solution or to the
insoluble precipitates accompanying its presence. The decrease in
elongation accompanying increased C contents in the basic alloy supports

. ..-

the interrelation of Cb and C as being the responsible mechanism.

(6) The role of aging during testing at 1.500°F is not evident
from this investigation. The aging data in reference 2 indicate that

L unquestionably there was considerable precipitation during testing of
the type which results in a decrease in lattice parameter, an effect
due to the removal of odd-size atoms from solution. Presumably these#
odd-size atoms would be largely MO) W, and C with the added possibility
of Cb if there was an appreciable amount “insolution. Reference 2 also
demonstrated-that aging was accompanied by a decrease in creep resistance

.
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_.

at 1200°.F. A si’milareffect of aging has been found at 1500° F from- - ‘--
data as yet unreported. It would seem, therefore,that aging d~ing ...... s
testing should have contributed to a decrease in rupture time during .1-:: F.Z
the te~tzr;

Theie were several-
testing which should be
compositional effects:

—. . .- ____.—

features”of the microstfictural changes durini ‘ .....
considered in the fundamental mechanisms of .—.. --.,u

(1) The highest-C heat.fell off in strength. This
by a major modification of the carbides during testing.
exi.ststhat this was due to reversion during testing to
carbides. This presumably would”reduce the Mo andW in
thereby reduce creep resistance.

was accompanied
“Theposs.ibility
leaner-C-content : ‘
solution and “. “. ~

.

.-

(2) There was some slight evidence of a similar behavior in alloys ‘-, ,~~
containing more than k percent of W or MO) although a similar-effect
on strength was not evident.

-.
Changes in composition of the carbides {~ ‘;-~

during heat treatment and testing, however;may be a more fiignificant .....+
factor than has yet-been evident-from the work to date. ,-- ---?.

(3) There were no structural reasons efident to explain the - , ,,-, .-i,
detrimental effect of Si.

:.“-.

(4) The alloy containing 30 percent Cr ~derwent a pronounced ~: ~
change in microstructure with “practicallyno effect on rupture properties;
The microstructure after testing at 1500° F indicated the presence,of ‘-”””:’-‘~~
substantial amounts of-sigma phase whic_hisjtisudly found *O bewite, _. .-~.–:
weak at elevated temperatures. ..—: .- ..:.

(5) The delta “ferriteoriginally preseri{in the Ni-free alloy“als~ ‘:-;”:-~
showed evidence of reversion to.sigma phase during testing. In this :“. ‘,+-~<

case a relatively small Qmount of si&ma pha.s.swas accompanied by a .

significantly lower strength. A similar’befiviorby the Co-free alloy -“ - “-::
without the presence of sigma phase, however, suggests thepossibility. . u
that some other factor than the delta ferrite was responsible for the .,, ““._._.~~
low strength of the Ni-free alloy, and that this cfactor.opera$edin ‘~ . :
both dlOyS.\ ,.

(6) There were other major effect-son m.iitureproperties from- ““ - ‘~‘:-~’”’”~”~
Compositional changes which could’not be accoute.d for on the basis’ - -’ ==.-~-n:
of microstructure.

—
,
-.

s
.-
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Relative Effects of Composition at 1200a and-15000 F

Comparison of the generaleffects of composition on-rupture
properties at 15000 F with those reported in reference 1 le-adsto the
following:

(1) The general effect of C was the sane at both temperatures
except that at ~00° F increasing C was more detrimental to elongation
and 0.60 percent of C caused a reduction in strengthat 1500° F.

(2) The relative effects of N, Mn, Si, and Ni were the ssme at
both temperatures. Very low N, Mn, and Ni had lower relative strengths
at 1500° F than at 1200° F. At both temperatures Si-was detrimental
to strength but did not increase elongation to fracture at 15000 F as
it did at 1200° F. “

(3)At Ipoo”F therewas the same increase in stren@h from 20
to 30 percent of Cr as from 10 to 20 percent. The-improvement between
20 snd 30 percent was not observed-at 1500° F, however, and apparently
the beneficial effect of precipitation hardening from the highest Cr
content was not retained at 1500° F.

(k) Whereas the data at 1500° F tended Ik show equal and msximum
properties at both 10 and 20 percent of Co, no benefit from Co was
observed at 1200° F until 20.percent was added.

(5) Additions of MO had the sane general effect at both temperatures
except that smaller amounts than the basic 3 percent were not so
detrimental’at 1500° F.

(6) At both temperatures W had the same general effects.

(7) me general effects of Cb were the same.at both temperatures
except that increasing the amotit beyond 1 percent was not detrimental
to creep strength at 1200° F and did not increase the elongation so
much as at 1500° F.

(8)The effects of simultaneous variations of Mo, W, and Cb were
very similar at both 1200° and 1500° F. The tiin differences were that”
less improvement resulted at 1500° F from the additions of Mo andW and
a tendency t6 reach a saturation effect was noted at-about 6 Dercent
of Mo pluk W at 1500° F. At 1200° F continued improvement r~~ulted from
further additions of Mo plus W so
strengths superiorto that of the
than 1 or 2 percent were somewhat
effect at 1200? F.

that a number of alloys had rupture
basic alloy. Additions of Cb of more
detrimental at 1500° F and had little
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It is possible the continued increase in strength from additions ‘-- ‘“*=;
of Mo and W in the presence of Cb at 1200° F_was associated with the
little aging which occurred during tests at-that te”mperature. The ““
tendency for.a saturation effect at 15000 F may have been related to . . . . ~.;
the structural instability at the higher temperature.

.

CONCLUSIONS
.—

The influence of systematic variations of chemical composition on - “i ‘-~
rupture properties-at 1500° F was investigated for 62 modifications of_.......= . ;
a basic “alloycontaining chromium, nickel, cobalt, iron, molybdenum, ‘“ ““- ‘–
tungsten, columbium, carbon, manganese, silicon, and nitrogen. These “--‘< , ~
effects oflcomposition apply only for variat.fonof one element ‘ata “-- - ~>-:=-
time. The-efYects of simultarieousvariations were not studied ~cept “- ,7_...=fl+

_..____

for Molybdenum; tuhgsten, and columbium. The acttil values for rupture”- .—

properties apply .onlyto the-solution-treatedand aged conditioristudig”~.
.-

It is anticipated that within limits the general effects of composition.. .__=~
would apply for other systematically Controlled treatments. The following —

conclusions may be,drawn from this investigation: +-

1. The elements in the basic alloy cti be varied individually
ove~ quite wide ranges without significantly affecting the rupture
properties at.1500%F. Considerable reduction of nickel~r cobalt”-
could be “t~lerated~ithout sacrifice in prope-rties. Substantial ~ ,.
reductions of chr”omium,molybdenum, or ttigsten would cause some
reduction in strength. Increased carbon up to O.~ percent would not
change rupture strength but would reduce elon-gationin the rupture test~-
Increased silicon reduces strength. Increased colunibiumwould be sane-”
what detrimental to strength; Omission of columbium reduces strength ~
excepttin the.presence of increased amounts of molyldenum”and tungsten.
All columbium-freealloys have low elofigatitiand large grain size. ‘:

.,,
y

Q, -:-.-
.. .=

—- -“=
o—

.L ..,_-

- ——.-

—:
---.-..- ::

>(...
--- -,

-. .-

.-.----- -_.

..— — ___
.-

2. The 3:2:1 combination of mol.ybdetium,’”tungsten,and columbium .--.

in the basic alloy is the.optimuM combination of these elements~
—- —-----

Lower”- .. ..:
strengths result from les”seramoufitsand no ~rnp”rovement’f~omincreased “’ “ . .>

. ,——..-_

amounts, Equal rupture strength to that of the bas+~ alloy can be .:..-——
obtained in columbium-free alloys.by “increasitigthe molybdenum plus . :-,-:..-. ~
tungsten to about 8 percent although elongation will be much lower. -.—.-.

3. There is little evidence to ind.icate.thatcomposition”differenceg >
within-the usual commercial limits contribute materially to scatter _ --- _ .
bands of properties observed in commercial p&@ction.

—.-.——..- ;.

4. Very little.can be deduced from the data regarditigthe ffi~eit~l- ..”-.~.””..~.~
mechanisms by which composition controls properties. Some relationship

-.

between carbon, molybdenum, tungsten, and columbium seems to be a
—
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control.ling.factor in strength. A saturation effect reduces improve-.
ment from molybdenum snd tungsten in the presence of columbium but not
in its absence. The increased elongation in the ruyturb test resulting .
from columbium additions appears to be due to its grain refinement,
reduction of intergranulprprecipitation, and influence on general . ..-—
precipitation characteristics.

5. The results are similar to those at 12000F presented inNACA
Report 1058 except that increased chromium was not beneficial at 1500° F ‘_~_~
and the saturation effect for molybdenum and tungsten did not occur
at 1200° F.

University of Michigan
Ann Arbor, Mich., June 1, 1951
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TABIE I -,.,. -.-m. .... ‘:

.

CiiFMICALCCMPOBITI~ OF ~ AIJJ2YB ., .. .“,.,. i ,=

Chemical“w”@ekition
Aim modification

A11oY
(F&&@

rMlll-basic “9.llOy
.

(percent)
c Mn .21 c? ni co Mo w Cb “N

.--.- BaEic 8TKilY8i8 0.15 1.7 0.5 20 20.. 2)”
bl

3 2 1,
Baeic . .25 1.5J$ .40 18.45 .19.4>

0.32
2Q.35 3.06 2.30 1,05 .11

b2 Basic .2L 1.62 .53 ~.aa 1-(.2+319.74 2.s9 2.26 1.11
b3

.12
Basti .25 1.69 .60 18.99 18.63

b4 Basic
ZY3.64 2.77 2.62 1.I.2 .13.

.30 1.87 .74 19.37 19.04 17.95
b5

2.89 2.34 .% .12
0-.4c .5? 1.% .& 17.53 1.8.24 20.54

b6 ,kc
2.83 1.75 1.00 .X2

.53 1.-/8 .8b 16.27 U3.n 18.04 3.32- 2.50 .&2 .10

W Basic 0.16 1.40 ,0.66 20.64 17.34 20.5-2 3.01. 2.3k 1.11 0.15-
C8, Basic ,.14 1.45 ..Q 21.17 2Q.16 19.81 3.03 2.08 .96- .14
%-J BeEic .l.? 1.4J3 . .p 20.89 XI.64 19,30 3.05 1.91 1.03, .17-
Cll ), BaBic .16 L.63 :77 21.oil 17.13 22.46 3.04 1.97 1.Ca , .14

C12 Btiic .16 1.61 ,67 2L.04 18.3$L 22.00 3.03 2.01 1.15 .14

‘%7 Basic .15 ---- .fA ----- -----, ----- -... ---- ---- -,---

e74 Easic ---- ------ ---- ----- -----., ---.- ----
* ---- ---- ----

e-15 Basic ---- ---- ---- ----- ---- ---- ---- ---- ---- ----

13 0.07c 0.08 l.eo 0.37 2U.03 20.8$. 19.42 3.12 2.10 1.09 ----
14 .::; .3.5 --– ---- ----- ---,---
17

---.- ---- ---- ---- ----
.b) --- ---- ----- -..—.—

~6
----- ---- ---- ___ ----

.Eflc

.& c
.57 ---- ---- ----- -----_ ----- ---- --- ---- -A-

17 .60 1.83 ---- 18.59 20.25 18.92 ---- ---- ---- ----

24 ‘6.03Fin 0.14. 0.03 ----
19

----- -----,,.---.- ---- ---- ~--w ----
.25Mn

20 .x nn :! ~;; !?:? W ?!:1: !!:!: ::?? ::!: !!!! ::::
21 1.W Mu ‘ ---- ----- ----- ---- ---- ---- ___ ----
,22 2.50 I&e .14 2:58 -=-..

. t----- ----- ----- ---- ---- _-i ----

Lo EL 0.13 ----
;:

1.19. ----- ----- ----- ---- ---- ---- ----
L..5El .14 ---- 1.56. ----- ----- ----- ---- .._ --- ----

51 I-O& 0.14 ---- ---- 10J8
52

----- ----- ---- ---- ---- ----
30G .15 ---- ---- yL51 -----.— ----- ---- k--- .:-,- ...-

23
,,

0 RI 0.15 ------ ---- ----- 0.01
25

----- ---- ---- -:-- ----
10Ni . .16 ---- ---- ----- ti.7u”;-----

26 33Ni
----- ---- ---- ---

.14 ---- ---- ----- 3.64. ----- ---- ----- .._ ....

29 O(2U 0.19 ----- ----- ----- -----
30 loco

0.31 ---- ----
.lk ---- ----

----- ----
----- ----

31
11.og ---- ---- --- ----

30co .14”. 1.76 0.79 X3.x 2u.18:”?2.Efl 3.41 2.05 .L1.l.- ----

32 OMQ o.~6 ---- ---- ----- ----- ----- 0.20. ---- -----
33

----
1MO, .16 L.76 O.TJ 20.46 ZQ.52“. 21.59

34 2 MO

1.”03- 2.G2 1.06 0.I.5
.~6 ---- --- ---.- ----. -----

35 bMo
2.3J ---- ---- ----

.13 ---- ----
36

..--- -----_ ----- 4.99 --- ---- ----
6 MO .12 --- ----. ------ -----_ ----- 6.99 --- ---- ----

37 OH 0.14 ---- ---- ----- ------ ---.- ----
38

0.04 --- ----
.15 1.-(4 0.75 20.75

::
20.%1 21.68 3.42 .82 1.02 0.15

.1J4 ---- ----- -----
2 6W

------------ ---- 4.66 ---- ----
.16 ---- ------ ----- ----,. ----- ----- 7.13 --- ----

k7 Ocb o:;! --- ---- ----- ----- ----- ---- ----
48

0.03, ----
2cia 1.74 0.70 23.65 2+3.7Y 20.08 3.aJ L.94 1.97 0.14

.14 ---- ---- ----- -----
: 2:

------ ---- ----
.16 ----

4.07 ---
----. ----- -----— ----- ---- ---- 6.09 --- ●

41 La’.fN 0.14 ---- ----- ----- .----—.----- ----- _- “---- 0.0Q4
0.07.N .15 -—, ---- ----- ----- ----- ----

FL
.— ----

.22if
.08

.15 ---- ---- ----- -----. ----- ---- -r-- ---- .18

r
..-—,--- u—

.

—

.-

-’

...,

.,
—. .

-. “’-z,.-?:

.-,..

.;*
.,. .

. .. .. . ..-

..’i -:Walues given only where act~l chemicalarialyseswere made; blank spacesindicateaaw aim value as tij Of basic .. --- ... ‘.1 . .Z

,—— ...

alloy.
-e -;

b~ldw ~ ~ ,5~em p~p~d to de~lol and.stnndqdi= Wlting P?act~: . .. ..

CA1lOYE7,8,10,11,M“ 1.2were’>ieptiedto detenminecontrnlof propertieswith PMCE; SIW”“fromheat to heat.of — ‘– .- : ,=

.=

the basic alloy.
.-.....”.-~Ac—

‘%lIoY27, aimed at low S1, resultedin the basic value, . .. .

‘%oxitition practicewan variedon alloys74and75ofthe&B~d EJI&-iS. --: ~ “’ .?; ‘!:’~”’””g~,,..-
-.--.
—
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ALLOYS

TABLE I.- Concluded

CEEMICALCOMPOSITIONOF EXPERIMENTAL

Mm”modification
~rombasic alloy

(percent)

Chemicalcomposition

.lloy

I

q

I

-----,

20.62
---.-
-----
-----
-----

20.41
-----
-----
-----

N

----

0.1!
----
----
----
----

c

o.12
.18
● 14
.13
.13
.14

0.15
.13
● 14
.13

Mn

----
1.72
----
----
----
----

Si

----
0.7L
----
----
----
----

Cr

-----
20.22
-----
-----
-----
-----

co Mo

----- 0.09
20.09 .00
----- 2.09
----- 4.01
----- .01
----- .02

20.20 2.33
----- 4.05
----- 1.98
----- 4.04

----- 2.19
----- how
20.54 2.32
----- 2.02

----- 2.10
----- 2.32
----- 4.02
----- 3.96
20.12 4.12

----- ----

----- 0.00
----- .00
----- .01
----- :02
20.51 .01
----- .02

----- ----
----- 3.85
19● 93 ----

w cl

0.00 0.00
.00 .00
.00 .00
.00 .00

2.05 .00
3.97 ● 00

2.01 0.00
2.o4 .00
4.16 .00
4.11 .00

Mo w Cb

43

:;
46

;:

55
56
57
58

0
0
2
4
0
0

0
0
0
0
2.
4

0
0
0
0
0
0

v 2
4
2
4

20.28
-----
-----
-----

2
2
4
4

0
0
0
0

1.71
----
----
----

0.72
----
----
----

0.1:
----
----
----

0.16
.13
.15
.15

2
4
2
2

2
2
4
2

2
2
2
4

+

2.o4 1.98
2.071.98
4.X22.03
1.934.09

0.,001.93
.03 4.23
.00 2.10
.00 4.08

3.94 3.94

----
----

1.69
----

----
----
----
----
1.70

----
----
----
----
----
1.80
----

----
----

0.80
----

----
----
---y
----
0.71

----
----
----
----
----
3.66
----
-
----
----
2.74

-----
-----

19.99
-----

.----
-----
-----
-----
20.18

-----
-----

20.50
-----

-----
---.-
-----
-----
20.36

-----
-----
---.-
-----
-----
20.39
-----

-----
-----
20.51

----
----

0.14
----

----
----
----
----
0.17

----
----
----
----
----
O.lz
----

----
----
0.17

63
64
65
66
67

2
2
4

:

0
0
0
0
4

0
0
0
2
4
2
4

0.11
.15
.13
.13
.13

77

$

;.

72
73

0
0
0
0
0
0
0

0.15
.18
.14
.16
.17
.14
.15

---- 0.96
9.00”1.81
.00 3.76

2.00 1.92
3.93 1.91
2.01 4.18
3.92 4.05

1
2
4
2
2
4
4

-----
-----
-----
-----
-----
P().21
.----

-----

-----

20.18

82
83
84

4
2
k

0.16
.13
.14

---- ----

1.854.38
----2.25

----
----

1.64

aValuesgiven only where attudl chemicalanalyseswere made; blank
spaces indicatessme aim value as that of basic alloy.

-
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.

-..7

1400%,24lx,ti-cno@

—
stress(psi)tacause
cmp ratisof -

—

Mlnfmm
m9p rsb
psrrHLt/fl

Rwtvn
(1

vtmngtl
.)

EstimctA
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●longation
(wLm:~ in

U@ul
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—

8
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1.2

27
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.

—-
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.Ow
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....-
----
.090
.OI.Y
.O1.o
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------

------
-0%
.Om
.@4

..._.
.053
.Otis
.0069

-.-—
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.w
.md

----
.083
.o12
...-.

16,m

ti,m

17,la

16,N(

la’,h

12,45i

Bnslc Ig,m[
17,0LX
U,oo[
12,uX
U,ca

22.3
17.6
u ,8
Lo ,
7.. [,.,
IrI.o
37.8
3,7 -
23.3
E3J?
4.8
-.L.,

34. -
F.o”
ti.o
I.&a

46.0

$:::
3?.2

&

14:4

42.1
42.3
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law

16 13,5W 2B,0CQ 0.0054
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I
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15,m
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..;
,.. ,
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. .
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14,00C
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~,’iw

.- 13,m
12,0w

.0076

.Om16,4c.3

12,xtl

‘L9,xv

.32
..

Bacic,. 20,qX
le,w

Iw%tlon U,osi
14,06C

b3 13,4al

Ba.iic, 22,0CXI
Zr-2i-Fa12,0cc
Oaaxidu.tls,wa

1.3,000

“29 14,700

13

15

16

0.C8c li,oca
15,wo
u,mo

3b
41
43

.-

“;

13
6
10
6

%72.
U.o
:.6

14,7
13.8
1o.9
M?.5

16,400

17,9X

U,7’X

ho,ml

ti3,720

10,Wl

39

b

8

H,mo

19,cca

16,X70

0.027s

.W3a

.Ow

-----
O.O-m
.W-75

.05

.0399

.005

%
.LT%4
......

.@c 12,0%
26,5X
1.5,0G0

.60c la,octz
U,oca
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lo,m

.6

-.:
5
n

16
8
5
6
5

U3~.

u
10
7

“a
24

E
L9

29
26
lb
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23
17
7
m

34
@
In

17,200

16,Lw3

17,030

16,400

17,K?I

1s,353

14,0X

13,w0

10,3CQ

11,5X

11,2W

12,Lo-a
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.5 15,mo

14,w ,

13,&Xl

13,2W

14,001

k“?,om
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12,X0

17,2m

la,%

O.a)hl

.ce46

24

19

D

!l-

!2

Oi!n m,oco
12,’cm
U,Coo
*4,CW
13,0ca

....-.
0.0315
.012
.WJ6
.0041

------
.013
.0046
.00),9
---.-

JJ3

J.0 7
.007
---—.

-----
,111
.023
.014
------

.-----
.’&93
.o12
.005

.-.—.
0.07
.0031
-.--.-

.U6

.04b

.0053

—

.32ml u 000
ls!m
13,mlo
lL030
lo,cw

9.4
:.;

4’
2

U.a
8.6
l!3.9
8,7
a

26.6
n.8
16.0
L1.1
10.3

L? .,

.

3.0‘.50M1 19,000
17,0M
15,Lw3
13,0Lll
U,502

.W1

.caw

.005

—
. .:

-.
1.0mu 19,003

17,0CU
15,0Lw
13,0cm
U,m

m

26

+

2.sMu 19,0ml
I’f,ccm
l~50&

1.2ai 17,0Q3
15,002
12,5ce
10,WQ I

36.5
25.9
B.3
17.6

2J.:

6:b
5.6

30.7
?5.2.
L7.6
.

4
.- -.

!9

0

20

33

13,W

U,&ll

U,m

13,901

0.00?0

.044

-...

.=
.Piaccnlmalng.
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12,W0 31S
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%%
16,0fm 1:
l~,wo 363

26
20
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22
m

g

la
13

29

::;
2k.6
27.5

61-.6

%:
32.7

.----
O.log
.U.W
.0325
.W?l

--.—-
.047
.021
.o@3

m lk,xu

Pl mrmo

33 15,m

13 13,m

19 u,%

29 14,700

L5 ll,eao

by %,LW

‘al QNO

25 I&loo

so 15,230

45 13,OW

b lo,w

25 lo,bm

T
oHi l?,m 25

16,mI
15,m .%
13,DJ al
Y2,C03 27s
10,!DO 286
9,m lca7

41
32
25
23
17
2s
u

36
32
m
32
3s

19
u
13
10
7

39.0
39.4
33.5
9.3
=.8
sb.6
1.3.8

43A
U%r
4s.6

%

ls.g
13.8
I&o
6.6
7.1

g,kcu

U!,lm

ll,m

13,3m

I.s,m
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0.039
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.010
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0.11
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.024s
.Ow

------

.-—--

.070
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k.

&
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L6

14
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13
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m
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27
32

23
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10

29
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27
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17
10

54

::
n

27.7
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.12.4
9.3
3

b7.9
l!3.3
34.2
$S.0
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Lk.k
13.0
IJ
8

42.1
W.1
ma
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0.0249
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13,50J U6

------
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.07J?
.0041

.13

.040
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------
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0.0%
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------
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.0023

.m

.m

.023

-t
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15,030 153
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Io,oooII&l
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.-----
.045
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.0015

.095

.026
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Jo.03& -
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w
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Figure @.- Microstructure of cobalt modifications of basic alloy after
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Figure 30.- Microstructures of molybdenum modifications
after rupture testing at 1500° F.
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(c) OMo-2W-OCb (heat 53); 547 hours for rupture under 6000 psi.
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(d) OMo-hW-OCb (heat 54); 1179 hours for rupture under 65OO psi.

Figure 33.- Concluded.
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